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Abstract

Let B be a Brownian motion in R%, d = 2,3. A time ¢ € [0, 1] is called a cut time for B[0, 1]
if B[0,t)NB(¢, 1] = 0. We show that the Hausdorff dimension of the set of cut times equals 1 —¢,
where ( = (4 is the intersection exponent. The theorem, combined with known estimates on (3,
shows that the percolation dimension of Brownian motion (the minimal Hausdorff dimension of
a subpath of a Brownian path) is strictly greater than one in R3.

1 Introduction

Let B; = B(t) denote a Brownian moton taking values in R%, (d = 2,3). A time ¢ € [0, 1] is called
a cut time for B[O, 1] if
B[0,t) N B(t, 1] = 0.

We call B(t) a cut point for B[0,1] if t is a cut time. Let L denote the set of cut times for B[0, 1].
Dvoretkty, Erdés, and Kakutani [8] showed that for each ¢ € (0,1),

P{te L} =0.

However, Burdzy [1] has shown that nontrivial cut points exists, i.e., with probability one LN(0, 1) #
(). In this paper we give another proof of the existence of cut points and compute the Hausdorff
dimension of L in terms of a particular exponent, called the intersection exponent.

The intersection exponent is defined as follows. Let B!, B? be independent Brownian motions
in R (d < 4) starting at distinct points z,y with |z| = |y| = 1. For each n > 1, let

T = inf{t : |B(t)| = n}.
Then the intersection exponent is the number ¢ = (4 such that as n — oo,

P{B'0, T} N B[0,T?] = 0} ~ n~ %, (1)
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where ~ denotes that the logarithms of the two sides are asymptotic as n — oo. It is not difficult
[12, Chapter 5] to show that such a ( exists. This exponent is also the intersection exponent for
random walks with mean zero and finite variance [3, 6]. Sometimes the exponent £ = 2( is called
the intersection exponent. The exact value of ¢ is not known. The best rigorous bounds are [4]
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Z < C < 5, d=3.
Duplantier and Kwon [7] have conjectured using nonrigorous conformal field theory that ¢ = 5/8
in two dimensions. This is consistent with Monte Carlo simulations [5, 16] and simulations suggest
that .28 < ¢ < .29 in three dimensions. The purpose of this paper is to prove the following theorem.

We let dimy, denote Hausdorff dimension.

Theorem 1.1 If B is a Brownian motion in R%, d = 2,3 and L is the set of cut times of BJ0, 1],
then with probability one,
where ¢ = (g 1is the intersection exponent.

Although the theorem is stated for dimensions 2 and 3, it is actually true in all dimensions. If
d > 4 [8] the probability on the left hand side of (1) equals 1 for all n. Hence we can say that the
intersection exponent (4 = 0 for d > 4. But, with probability one, L = [0, 1] for d > 4, and hence
dimp(L) = 1. If d = 1, cut times must be points of increase or points of decrease. It is known
[9] that with probability one, one dimensional Brownian motion has no points of increase. Hence
L = (. But, it is easy to check that the intersection exponent, as defined in (1) equals one for
d=1.

Define the set of global cut times to be

LY = {t: B[0,t) N B(t, 00) = 0}.

In two dimensions, with probability one, L& = {0}. In three dimensions, there are nontrivial global
cut times. As part of the proof of Theorem 1.1 we prove that with probability one

dim,(L¢) =1-¢, d=3.
The set of local cut times can be defined by
L19¢ = {1 € [0, 1] : there exists ¢ > 0 with B[t — €,¢) N B(t,t + ¢] = 0}.
Then

o0
rloc _ U Lo,
n=1

where ) )
L"={te [0,1]:B[t—g,t)ﬂB(t,t+ﬁ] = 0}.



It follows from Theorem 1.1 that dimy(L™) =1 — ¢ for each n. Hence, with probability one,
dimy, (L1°¢) =1 —¢.

Let
B(L)={B(t):te L}

denote the set of cut points on B[0, 1]. It is well known [11, 17] that Brownian motion doubles the
Hausdorff dimension of sets in [0, 1]. Therefore, it follows from the theorem that with probability
one,

dimy [B(L)] = 2(1 - ¢).

As in [2], we can define the percolation dimension of Brownian motion to be the infimum of all
numbers a such that there exists a continuous curve v : [0,1] — R? with v(0) = 0,~(1) = B(1),
v[0, 1] C B0, 1], and such that the Hausdorff dimension of [0, 1] equals a. It is easy to check that
for any such v,

B(L) C ~[0,1].

Using the fact that (3 < 1/2, we have the following corollary.

Corollary 1.2 The percolation dimension of Brownian motion is greater than or equal to 2(1—().
In particular, the percolation dimension of three dimensional Brownian motion is strictly greater
than 1.

The main techinical tool in proving Theorem 1.1 is an improvement of the estimate (1). As
before, let B, B? be independent Brownian motions in R¢ and let

T! = inf{t : |B'(t)| = n}.

Let
an = sup P*Y{B'0,TY N B[0,T2 = 0},
|z],|y|=1

where P%¥ denotes probabilities assuming B!(0) = z, B?(0) = y. Let
b, = PYY{B[1,n] N B?[0,n] = 0}.
We prove in Section 3 that there exist constants 0 < c3 < ¢4 < 0o such that
esn” X <a, < C4n_2§, (2)

esn~¢ < b, < cgnC (3)

A somewhat different proof of (2) for d = 2 can be found in [15]; this proof generalizes to the case of
multiple intersections. However, since we need (2) for d = 3 as well as d = 2, we include a complete
proof in this paper. A similar argument has been used in [14] to relate the Hausdorff dimension
of the frontier or outer boundary of planar Brownian motion to a “disconnection exponent.” The
analogous result for simple random walk can be found in [13].
For 1 <k < 2", we let A(k,n) be the event
k-1 k

on ]ﬂB[Q—n,l]:(b,}

A(k,n) = {B[0,
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and let . ]
Jn = ##{k ZQ” <k< ZQ", A(k,n) holds }.
It follows from (3) that
E(J,) > c¢1(2")¢.

(Here and throughout this paper we use ¢, ¢1, cg, . .. for arbitrary positive constants. The values of
¢, c1, co may vary from place to place, but the values of c3, ¢y, . .. will not change.) We can also use
(3) to estimate higher moments. In particular,

E(J2) < ¢p(27)2079),

Hence, by a standard argument, we get that J, > 0(2”)1_4 with some positive probability, inde-
pendent of n. This gives a good indication that the Hausdorff dimension of L should be 1 — ¢, and
with this bound standard techniques can be applied to establish the result.

In the next section we will give the proof of Theorem 1.1, saving the proofs of the key estimates
for the final two sections. In Section 3, we prove the estimates (2) and (3) and in the final section
we establish the bound on E(J2).

This research was done while the author was visiting the University of British Columbia. I
would like to thank Ed Perkins for some useful remarks about Hausdorff dimension.

2 Proof of Main Theorem

In this section we prove Theorem 1.1, delaying the proofs of some of the estimates to the next
sections. We will not need to know the exact value of ¢, but we will use the fact that
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C S [Za Z]
The upper bound on the Hausdorff dimension is fairly straightforward using (3). Let
K,=#{k:1<k<2":A(k,n) holds },

where, as before,
A(k,n) = {B[0, —.—] N B[~

By (3),

If € > 0, Markov’s inequality gives
P{K, > (27"} < e5(2") 7,
and hence by the Borel-Cantelli Lemma,
P{K, > (2" ¢t i 0.} = 0.

But if K,, < (2")17¢*€ for all sufficiently large n, L can be covered by (27)!7¢*¢ intervals of length
(2")~!. By standard arguments, this implies dimy,(L) < 1 — ¢ +e. Since this holds with probability

one for all € > 0,
P{dim,(L) <1-(} =1.



The lower bound is the difficult result. We will need the following standard criterion for es-
timating the Hausdorff dimension of a subset of [0, 1] (see [10] for relevant facts about Hausdorff
dimension).

Lemma 2.1 [10, Theorem 4.13] Suppose X C [0, 1] is a closed set and let p be a positive measure
supported on X with p1(X) > 0. Let the B-energy, Ig(n), be defined by

1) = [ [l =177 duts) duto

If Ig(p) < oo, then
dimp,(X) > 8.

We will start by showing that there is a positive probability that dimj(L) = 1 — (. More
precisely, we prove the following. Let B(z,r) denote the open ball of radius r in R

Proposition 2.2 There exist a cg > 0 such that

13 1

P{dima(L N[5, 2)) = 1~ G B0, 7] € BO, 2); [BO)| > 1} > e,

Consider J,, and A(k,n) as defined in the previous section. Then by (3), there exsits a ¢ > 0
such that
E(J,) > c(2")¢.

If we let

A(k,m) = Ak, m) N {BI0, 5] € B(O, 5):[BO)| > 1},

and

Jn = #{k: 32" <k< Zzn, A(k,n) holds },
then a similar argument (see Lemma 3.17) shows that there is a constant ¢z > 0 such that
E(J,) > er(2)1 <. (4)
We will need estimates on higher moments of J,. We prove the following in Section 4.
Lemma 2.3 There exists a cg < oo such that if on—2 <j<EkE<L3- 2”_2,
P[A(j,n) N A(k,n)] < cs(2") " (k —j +1)"¢, (5)

and hence
E(J7) < c(2)*79). (6)

Standard arguments now can be used to show that (4) and (6) imply that there exists a cg > 0
such that for each n, 3
P{Jn > c(2")' 7} > c, (7)

and hence ~
P{J, > co(2M)' ¢ i.0.} > co. (8)



Let pi, be the (random) measure whose density, with respect to Lebesgue measure, is (2m)¢
on each interval [(k — 1)27", k27"] with 2"72 < k < 3-2"2 such that A(k,n) holds and assigns
measure zero elsewhere. It is easy to check that supp(un+1) C supp(uy,) and, with probability one,

= 13
ﬂ supp(pn) C LN [, -]
4’4
n=1
Also, uy, is the zero measure on the complement of the event

(B0, 3] € B(0,3), 1B > 1},

By (8), with probability at least cg, we can find a subsequence f,, such that
fin; ([0, 1]) = co. (9)
This shows that L N [i, %] is nonempty with positive probability.

Let 8 =1—( — e with € > 0 and let Ig(uy,) denote the (-energy of p, as described in Lemma
2.1. Then, by (5),

j2—" k2—m
Bllpu)] = 2" [ (o0 ds dfPLAG, m) 0 AGk, )
< up SRk — ]+ )2 g+ 1)

ug 2727 [k — j| + 1)
uﬁ.

IN N

Here the sums are over all 2" 2 < j k < 3-2"2 and ug is a positive constant, depending on g,
whose value may change from line to line. In particular,

1
P{Is(kn) 2 2up/co} < co.
Therefore, using (8),
13 . 1
P (a5 21) > ot Tolmn) < 2u/eo 10} > Leo

On the event above, let y be any weak limit of the u,,. Then it is easy to verify that u is supported
on LN [1/4,3/4]; p(L) > cg; and Ig(p) < 2ug/cy. By Lemma 2.1, we can conclude that

13 1 1 Co
i ~ -D>1-¢—¢ - =), |B(1)]|>1} > —.
P(dimn(L N [}, 5]) > 1~ ¢~ 6 B0, 4] € BO, ), [BO) > 1} > &
Since this holds for every € > 0,
13 1 1 Co
P{dim,(LN[-,-]) >1-¢; B|0,~ =), |B(1)]| >1} > —.
i (L [, 2]) > 1~ ¢ B0, 7] € B0, ), |BO)| > 1) >

This gives Proposition 2.2.



If d = 3, let LE be the set of global cut times,
LY = {t: B[0,t) N B(t,o0) = 0}.
It follows immediately from Proposition 2.2 and the transience of Brownian motion, that
P{dim,(L° N[0,1]) =1—¢} > 0.
However, scaling tells us that
P{dimy (LS 1 [0,]) = 1 - ¢},
is independent of . It is not difficult to see that the only way this happens is if
P{dim, (LY N[0,1)) =1 ¢} =1.
We now finish the proof of Theorem 1.1 for d = 2. Assume d = 2 and let L, = L N[0, ¢] and for

t<s<1,
Li(s) ={r: B[0,7)N B(r,s] =0} N[0,¢].

Note that L; = Li(1). Let Wy(s) be the event

Wi(s) = {dimp(Ly(s)) = 1 =},

and U, the event

o

Us = () Wiyn(s).

n=1

For any t < s < 1,
Wi(s) \ Wi(1) C {BJ0,t¢] N Bl[s, 1] = 0}.

For fixed s > 0, the probability of the event on the right goes to zero as ¢ — 0. Hence for every

s> 0,
P(Us\ Uy) =0,

i.e., the sets agree up to an event of probability zero. If

U= U Ul/na
n=1

then it easy easy to see from the Blumenthal 0-1 Law that P(U) must be 0 or 1. Since P(U) =
P(U1), Uy satisfies a 0-1 Law, and hence it suffices to prove that P(U;) > 0.

Let 1 3

By Proposition 2.2 and a standard estimate, there is a c;g > 0 such that
c
P(V,) > =2
n

However, the straightforward estimate

P{B[0,1]N B[3,n] = §} <

lnn’



allows us to conclude, for m < n — 3,

1 1
P(VanVn) < P{B[0,27"]n[52", 227 =0,
1 1 3
B[=27™ 27N B[-27™ 1] =
s27m, 327N B2 1) =0)
C
<
~— m(n—m)

Let

where again I denotes indicator function. The estimates above allow us to conclude that there are
constants ¢1; and ¢j9 such that

E(Z,) > cilnn,  E(Z7) < ci2(Inn)?,
so we may conclude again using standard arguments that
P(U) > P{V, i.o} > 0.

This finishes the proof of the theorem.

3 Estimate for Intersection Probabilities

The goal of this section is to proof the estimates (2) and (3). Let B!, B? be independent Brownian
motions in R%, d = 2, 3. Let ‘ ‘
T! = inf{t : |B'(t)| = n},

and let A,, be the event
A, = {B'0, T} n B?[0,T% = 0}.

Let
ap, = sup P¥Y(A4A,),
|z],ly[=1
where P™Y denotes probabilities assuming B'(0) = x, B?(0) = y. If d = 2, it can be shown [6]
that the supremum is taken on when |z — y| = 2, but we will not use that fact here. Scaling and
rotational invariance imply that
Anm < Gnlm,

and hence by standard arguments, using the subadditivity of log asn, there exists a ¢ > 0 such that

an ~n"%,

and, in fact, a,, > n~2¢ for all n. The exact value of ¢ is not known; for this section, it will suffice

to know the bounds
13 11
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The lower bound in (2) follows from submultiplicativity. To get a bound in the other direction, it
suffices to show that there is a constant ¢ > 0 such that for all n, m,

A, > COp Qi - (10)

(One can check this by noting that (10) implies that b, = logagn + logc is superadditive.) As
before, we let B(x,) denote the open ball of radius » about = in R

Lemma 3.1 There exists a c13 > 0 such that for all n,
Anp+1 = C130p.
Proof. Let V,, be the event
V., = {BY0, T} n B(B*(T?),5) = 0, B0, T2) N B(B*(T}),5) = 0}.

i From the Harnack principle and rotational symmetry of Brownian motion, we can see that for any
|2/, ly| < n/2,
PHY(V9) < ent— 4,

Hence, if |z, ly| =1,
P™Y (VN Ap) < PYY(A,0)PPY(VE | Ayjg) < en?

(the last inequality follows for d = 2, since {2 > 1/2). Since ¢ < 1, this implies for all n sufficiently
large,

sup P"Y(A,NV,) > lan.
jal, Jyl=1 2
It is easy to see that a Brownian motion starting on the sphere of radius n has a positive probability
(independent of n) of reaching the sphere of radius n + 1 while remaining within distance 2 of its
starting point. Hence there is a constant ¢ > 0 such that for all |z|, |y| = 1,

P™Y(Ap1 | AnNV,) >c. O

Lemma 3.2 There exists a c14 > 0 such that for all n and all |z, |y| =1,

P™Y(A,) < cualz — y|Y3an.
Proof. For any z,y with |z| =1, |z —y| <1, let

7' =inf{t: |B(t) — | = 1}.

Since ¢ > 1/4, there exists a ¢ > 0 such that

P*Y{B'[0,7'] N B%[0, 7% = 0} < ¢z — y|*/5.
Hence by the strong Markov property,
P™Y(A,) < P%¥{B0,7']n B%0,7?] = 0}

P*Y(B'[r, T,] N B*[r*, T3] = 0 | B'0,7'] N B*[0,7°] = 0}

clz — y[M3an_1.

IN

The result then follows from Lemma 3.1. O
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Lemma 3.3 For every e > 0, let
Uy, = Uy(e) = {B'[0,T;] N B(0,1) € B(B'(0),€)},
There ezists a constant c15 > 0 such that for every € > 0

sup P%Y(A, NUL) > ci5ean.
|z],ly[=1

Proof. Without loss of generality we assume ¢ < 1/10,n > 2. By the previous lemma, there
exists a d > 0 such that if |z, |y| < 1, |z — y| <4,

1
P™(A,) < San.

Fix such a § > 0. Fix n and choose some |z|,|y| = 1 that maximize P*¥(A4,). (It is easy to see
that f(x,y) = P™Y(A,) is continuous and hence the maximum is obtained.) For € > 0 let

p = pe=inf{t : B(t) € B(0,1) \ B(B'(0),¢)},
o=o0.=inf{t>p:|Bt)]=1—¢},
=7 =inf{t > p:|B(t) = 1}.
Note that there is an r > 0 (independent of ¢ < 1/10) such that
P o <T|p<Ti}>r
(This can be verified by noting that

P{|B(p)| < 1-5ip<Ti} 2 c,

and c
Plo<7||B(p)|<1- §,p<T%} >c.)

If a Brownian motion is on the sphere of radius 1 — ¢, there is a probability of at least ce that it
reaches the sphere of radius 1/2 before leaving the ball of radius 1. By the Harnack principle, a
Brownian motion starting on the sphere of radius 1/2 has a positive probabilty, independent of the
starting point, of hitting the unit sphere first within distance ¢ of y (the probability depends on d,
but we have fixed J). Hence

P*Y{|B(1) —y| <6 | p< T} > ce
Using the strong Markov property, we conclude
P™Y(A, | p< T} o <71)<(1—cea,+ ce(an/2).

But,
P*Y(A, | p < Té, o>7) < ap,

and hence
P2Y (A p <TH <P™(A, | p < T} < (1 - c15€)an,

11



for appropriately chosen c15 > 0. Therefore,

Pﬁ’y(An; p > T%) > C15€aG,. O

For any n, €, consider the z,y with |z| = |y| = 1 that maximize
P*Y(UL N A,).

It is intuitively obvious that the z, y that maximize this quantity are not very close to each other.
However, it takes some effort to prove this. Let |z| =1 and let

Y,, = sup P®¥{B0, T} n B?[0,7?] = 0 | B*[0, T}]}.
lyl=1

Lemma 3.4 For every M < oo there exists a § > 0 and a constant k < oo such that
P{Y, >n°} < kn~M.
Proof. We only sketch the proof. We will consider Y = Yon. For j < n, let

R = inf P*{B*0,Ty]N B [Ty, Ty] # 0},

|2|<29-1

where P indicates that B?(0) = z and R’ is considered as a function of B'[0,T4.]. It is easy to
show that '
P{R’ =0} =0,

and hence for any € > 0 there is a v > 0 with
P{R <y} <e

Since R?,..., R" are independent, identically distributed, standard large deviation estimates for
binomial random variables allow us to choose v and k so that

P{R’ < ~ for at least n/2 values of j < n} < k(2"1)~M,
But if R/ > v for at least n/2 values, then
Yr<(1-y)"? <27
for appropriately chosen §. O
Lemma 3.5 There ezist a c1g > 0 and a c17 < 0o such that if U, = UL (€) is defined as in Lemma

3.3,

sup P*Y(A, NUL) < ci7et ™64,
|z|=1,|y—=|<10e

12



Proof. Let ‘ ‘
T =inf{t: |B"'(t) — Bl(O)\ =1},

and let U = U(€) be the event
U = {B'0,7'1n B(0,1) c B(B(0),€)}.

A standard estimate gives for |z| =1,

Cl€ S Pﬁ(U) S Co€.
Lemma 3.4 can be used to see that there is a ¢16 > 0 and a ¢ < oo such that for |y — x| < 10g,
P=Y{B'[0,7'] N B?[0,7%] =0 | U} < cess,

and hence ~
P2Y(U; B0, '] N B2%[0, 7% = 0) < cel T,

By using the strong Markov property as in Lemma 3.2, we get the result. O

Lemma 3.6 Let U be as defined in Lemma 3.5. Then there exist an € > 0 and a c1g > 0 such
that

Sup PYY(A, NU, NU;) > c1gan.
|],|y|=1,|z—y|>10e

Proof. Fix n and choose |z|, |y| = 1 that maximize P®¥(A4, NU}). By Lemmas 3.3 and 3.5 we
can find an € so that |z — y| > 10¢ for all n. The proof then proceeds as in Lemma 3.3. O

Now fix €, c1g as in Lemma 3.6. For any \ < €, let
W3 = {B'[0, T;] N B(B*7*(0), A) = 0}.
By Lemma 3.2 and the strong Markov property,

sup P™Y(A,N (WD) < sup P™(A,) < cA/¥a,,
|z],|y|=1 |z—y|<A

Hence we can choose A > 0 so that

1
SUP P™Y[A, N Uy NUZNWy NWS] > Scigan.
|],|y|=1,|z—y|>10e 9

We have therefore proved the following lemma.

Lemma 3.7 There exist positive constants cag, c21, caa < 1/10, such that the following is true. For
any |z| =1, let ‘ ‘ ‘ ‘
F’(a:) = F:L(.’B, CQ()) = {BZ[O, T,ZL] N B(.’B, CQ()) = @},

Ai(z) = A (x, ca1) = {B[0, T] N B(0,1) C B(x,ca1)}
Then for every n, there exist |x|, |y| = 1 with |x —y| > 10cqg such that

P2Y[A, NTY(y) NT%(z) N AL (z) N A%(y)] > caoan.

13



It is easy to verify, using standard estimates for the Poisson kernel of the ball, that there is a
ca3 > 0 such that for |w — x| < ¢20/2, |2z — y| < c20/2,

PY#[A, NTH(y) NT%(z) N Al (z) N A2(y)] > cosan,
where z,y are chosen as in Lemma 3.7
Corollary 3.8 There is a constant caq4 > 0 such that for all n,
Q2n 2> C240np.

Proof. Let coq, o1, 220 be as above. It is easy to verify that there is a p > 0 such that if
|z|, ly] = 1, |x — y| > 10ca0; e; is the unit vector whose first component equals 1; and B! and B?
are independent Brownian motions starting at e; /2 and —e; /2 respectively, then

P{B'[0, 1] N B*[0,T{] = 0; B'(0, T{] N B(y, c21) = 0; B[0, 7] N B(x, c21) = 0;
|BHTY) — | < e20/2;|B*(TF) — y| < e20/2} 2 p.

Then by combining this path with the paths mentioned above and scaling by a factor of 2 we see
that
P (Agn) > peagan. O

The choice of e;, —e; in the proof above was arbitrary. In fact, the same idea can be used to
prove the following.

Corollary 3.9 For every § > 0 there is an € > 0 such that if |z|,|y| =1, |z —y| >4,
P*Y(A,,) > PP (Agy,) > €ay.
We omit the proof of the next easy lemma.

Lemma 3.10 For every 6 > 0 there is an € > 0 such that for |z|,|y| =1,

P*Y{B'0, T N B(B(T5™"),e) =0,i=1,2} > 1 6.

Let
Jn = Ju(€) = {BY0, T N B(B(T?),en) # 0 or B2[0, T N B(B(T}), en) # 0}.

Then it follows from Corollary 3.8, Lemma 3.10, and the strong Markov property that for every
6 > 0, there is an € > 0 such that

P(J,NA,) <P(JnNAy) < days < cday.
We have therefore proved the following.

Corollary 3.11 There exists a ca5 > 0 and a cag < 0o such that if J, = Jy(cos) is defined as

above,
P(An N J,CL) > Cogln,.
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This corollary tells us that Brownian paths that do not intersect have a good chance of being
reasonably far apart. Once we know that they can be reasonably far apart we can attach many
different configurations to the ends of the two walks and still get an event with probability greater
than a constant times a,. As an example, we state the following corollary whose proof we omit.

Corollary 3.12 Let 2! denote the first coordinate of z € R% and divide the ball of radius n into
three sets:
B(0,n) = B (n) UB_(n)U By(n),

where
Bi(n) = {z € B(0,n): 5 = T},
B(n) = {z€ B(0,n): 5 < -2},
Bo(n) = B(0,) \ (B, (n) UB-(n)).
Let

Vi ={B'[0,T}] € B-(n) UB(0, )},

V2 ={B[0, 73] C B+(n) UB(0, 3)}.
Then there is a cor > 0 such that

sup P™Y(A,NVINV?2) > coray.
|z, |y|=1

Lemma 3.7, Corollary 3.9, and Corollary 3.12 can now be combined to give (2).
Corollary 3.13 There exists a ¢ > 0 such that for all n,m,
Anm = C280n Om,
and hence there is a constant ¢y < oo such that
n=% <a, < C4n_2§.
Moreover, for every 6 > 0 there is an € > 0 such that if |z|, |y| =1, |z —y| > 0,
P™Y(A,) > en %,

We will now prove the estimate for fixed times, (3). We note that there is a constant 5 > 0 and
a cog < 0o such that for |z|, |y| < n/2,k >0,

P™Y{min(T}, T2) < kn?} < coge P/, (11)
P?Y{max (T}, T?) > kn?} < coge ¥, (12)

(By scaling, it suffices to show this for n = 1. The first inequality can be derived from

}

PT} <k} < Psup|BL(t) >
t<k

N =

1

Witk

< 2P%|B (k)| > %} = 2P%{|B'(1)| >

and the second by iterating
P{T > k+1|T} >k} <P{|B(1)| <2} <1.)
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Lemma 3.14 There exist constants cag, c39 such that for every n and every |z|,|y| =1, a > 0,
P™Y(Ap; min(T), T2) < an?) < coge™ 30/~ %,
P?Y(An; max (T}, T2) > an?) < cage” 002,
Proof. The first inequality is easy, since

PYY(Ap,; min(T), T?) < an?) < ng’y(An/g)PgC’y{min(Té,T,%) < an? | Anjat

< e sup  P*{min(T},T2) < an?},
|wl,|2]=n/2

and the second term can be estimated using (11).
We will prove the second inequality for m = 2". Choose |z| = |y| = 1 and write P for P*¥.
Assume T}, = T, > a(2")%. Then there must be at least one j = 1,...,n with

1. . . .
Ty = Ty 2 (5)" 7 a(2")? = g(zﬂ)an—J.
By considering the three intervals [0, Th;—1], [Toi-1, To;], [T5i, Tan| separately we see, using (12), that

P{Ty — Tyi-1 > (23')2%2"—9'; Agn} <

[ sup P#%(Ag-1)][ sup PZ{Tsz(Qj)Q%Q"_j}H sup P (Agn)],

2] fwl=1 |2|=25-1 o], =29
and hence,
P{Ty — Tyi-1 > (23’)2%2”—9' A} < (2% sup PHTY > g(zj)an—j}
|o|=2-1

< 0(2")_24 exp{—ac;),OQ"_j},

for appropriately chosen csg. Hence if a > 1 (it suffices to prove the lemma for a > 1),

n
P{ly > a(2")% Ay} < 3 P{Ty — Ty = (21)°52"7; Az}
j=1

n—1

< ¢ 22(2")_2C exp{—ac3p2" 7}
j=1

< C(Qn)—2§6—030a'

A similar argument holds for T,. O

Proposition 3.15 There exist constants c31, cso such that, for alln > 1,

csin~% < sup P¥Y{B[0,n% N B?0,n? = 0}

|2/, |yl=1

< sup PZY{B0,min(T}, n?)] N B0, min(T?, n?)] = 0}
|zl,|yl=1

< egn %
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Proof. The second inequality is trivial so we will only consider the first and third inequalities.
Let a > 0. By Corollary 3.13 and Lemma 3.14,

sup P2¥{B0,n% N B%[0,n% = 0}
|z],|y|=1
> sup [P™Y{B'[0,T,,]NB*0,T;,] =0}
|z],|y|=1

—P*¥{B*0, T an] N B*[0, T?an] = 0; min(T.

an> Tan) < 1}
> (an)™% — czg(an)_%e_c”“Q.

If a is chosen sufficiently large, the last expression is greater than (an)~2¢/2. This gives the first
inequality.
It suffices to prove the third inequality for n = 2%. For any |z|, |y| = 1,

P2Y{B[0, min(n?, T})] N B?[0, min(n?, T?)] = 0} <
k

PPY(A,) + ) PP (Agi1;max(Ty;, Ts;) > n?).
=1

But, (12) and Lemma 3.14 allow us to conclude that there exist ¢ and  such that
P™Y(Agi-1;max(Ty;, T5;) > n’} <
o2 1) X exp( 27T} = c(2) X (27X exp{~2" T 6},
By summing over j, we get the lemma. 0.

The following can be proved similarly. We omit the proof.

Proposition 3.16 There exist constants css, c34 such that if B! and B? are independent Brownian
motions starting at the origin, n > 1,

cg3n~ 2 < P{B1,n% N B%0,n% = 0}
< P{B'[1,min(n’, T;)] N B*[0, min(n?, T;,)] = 0}
< egn .

Note that we have now proved the estimate (3). There is one slight improvement on this estimate
that we will need. Let a > 0 and consider the event A, N Valn N an as descibed in Corollary 3.12.
By the corollary and Lemma 3.14, we can see that we can choose a sufficiently small so that there
is a A = A(a) > 0 such that for |z|, |y| =1, |z — y| > 1,

PYY(Ag, N VA N V2 max(T)

an? an?

T2) > n%/10) > dn~%.
By appropriately extending the paths we can conclude the following.
Lemma 3.17 . Let B, B? be independent Brownian motions starting at the origin. Define events
n @7, Q3 by )
Qi = {B'[0,20n € B(0, 1)},
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Q2 = (B 2002 1 B(0. %) = 0}
Q3 = {B1,20n?] N B?[0,20n% = 0}.

Then there exists a constant css such that

P(Q),NQENQ5) > ezsn ™.

4 Moment Bound

In this section we prove Lemma 2.3. Let

D(k,n) = {B, kni] n B[%, 1] = 0},

and

G = zn:I(D(k,n)).
k=1

Note that A(k,n) = D(k,2") and J,, < Gan, where A(k,n) and J,, are as defined in Sections 1 and
2. We will prove the following lemma. If 0 <4y <o <--- <4 < n, let

Frn(ity - yip) = [(1 + 1) (i — i1 + 1) - (3p — ip_1 + 1)(n —ip + 1)]7C.
Lemma 4.1 There exists a constant ¢ < oo such that for all 0 < i < j < n,

It follows immediately from Lemma 4.1 that

But it is a straightforward exercise to show that the right hand side is bounded by

en2(1=0

Hence to prove Lemma 2.3 it suffices to prove Lemma, 4.1.

To prove Lemma 4.1 we will assume for ease that j — ¢ is even (a very easy modification is
needed for j — i odd) and we let k = (j —4)/2. Up to symmetry there are three cases to consider:
Casel,i<m—j<k;Casell,i<k<n-—j;and Case IlIl, k <i<n—j.

For Case I,
P(D(i,n) N D(j,n)] <
p(slo, —Hn s, o0 sl E gl ) (14)

By independence and Proposition 3.15, this probability is bounded by a constant times (i—l—l)_c(n—
j+1)7¢. Since k > n/6, we easily get the result.
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Case 1II is similar except that we use Proposition 3.15 to conclude that the probability in (14)
is bounded by a constant times (i +1)~¢(k + 1)~¢. Since n — j > n/6, we get the result.
To handle Case III, let

+1 i+k | —k +1 j+k
V=Viga= (B, B g gl D g D I gy,
k +k
U = Ui = (B0, ) 0 BILEE 1 = 0},

Then,
P[D(i,n)N D(j,n)] <P(VNU).

For any integer a > 0, let

V(a) = Vijm Vﬂ{\/7<\B‘7+k _pli=ky o Jlat Dk,

n n

By arguments similar to those in Lemma 3.14 one can see that there is a § < oo such that
P[V(a)] < ck e,
By Proposition 3.15 and Brownian scaling,

et D+ 1)

PIU | V()] < o0

I°.

By summing over a and noting that n — j > n/6, we get the result. This proves Lemma 4.1. We
comment that similar arguments can be used to prove estimates for higher moments.

Lemma 4.2 For every positive integer r there exists o, < 0o and such that if kK > 0, and
1< << <. <

— - I

then
P[D(i;,n) NN D(ip,n)] < apn® frn(it, ..., ir). (15)

By summing (15) we conclude
E(J") < a,n"179,

for appropriately chosen «..
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